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Acquisition of limb-forming ability by discrete regions of the lateral plate of the chick embryo is dependent on a medial±
lateral inductive signaling cascade moving sequentially from the area of Hensen's node to the somitic mesoderm, the
intermediate mesoderm, and then to the prospective limb-forming regions of the lateral plate. IGF-I and insulin are
expressed by medial tissues as they are in¯uencing the prospective limb-forming regions of the lateral plate. Here we report
that IGF-I and insulin, but not FGF-2 or FGF-4, induce the formation of limb bud-like structures in vitro from prospective
limb regions before they have acquired the ability to form limbs independent of medial tissues, and also induce the
formation of limb bud-like structures from the prospective ¯ank. The limb bud-like structures induced by IGF-I and insulin
possess a thickened cap of ectoderm along their distal tips that resembles the apical ectodermal ridge (AER) and this
thickened distal apical ectoderm expresses the AER-characteristic homeobox-containing gene Msx-2. Like in normal limb
buds, a population of highly proliferating cells which express the homeobox-containing gene Msx-1 are localized in the
mesoderm directly subjacent to the thickened AER-like structures induced by IGF-I and insulin. However, the limb bud-
like structures induced by IGF-I and insulin do not express sonic hedgehog, which encodes a secreted signaling molecule
that has been implicated in regulating the anteroposterior patterning of the developing limb bud. IGF-I- and insulin-treated
prospective limb explants give rise to rudimentary limbs containing identi®able skeletal elements when grafted into the
coelom or to somites of host embryos. Overall, these results suggest that IGF-I and insulin may be endogenous signals
produced by medial tissues that are involved in conferring limb-forming ability to the lateral plate and may promote the
initial outgrowth of limb buds and possibly induce the AER. However, other signals are necessary to promote the expression
of genes such as sonic hedgehog that regulate the patterning of the developing limb. q 1996 Academic Press, Inc.
INTRODUCTION cate that acquisition of limb-forming ability is dependent
on a medial±lateral inductive signaling cascade moving
Limbs develop from speci®c regions of the embryonic from the area of Hensen's node to the somitic mesoderm,
lateral plate, which in the chick embryo have been identi- to the intermediate mesoderm, and then to the regions of
®ed by classical fate mapping and grafting experiments the lateral plate from which the limbs will subsequently
(Rudnick, 1945; Chaube, 1959). The prospective wing- and form (Stephens et al., 1989, 1991, 1993). The nature of the
leg-forming regions of the lateral plate have acquired the signals supplied by medial tissues that endow discrete re-
ability to form limbs when grafted to ectopic sites by stages gions of the lateral plate with limb-forming ability are un-
12 and 13 (Hamburger and Hamilton, 1951), respectively, known.
well before the limb buds develop (Kieny, 1969; Pinot, 1970; IGF-I and insulin have been implicated in the reciprocal
Stephens et al., 1989, 1993). Before these stages, the prospec- interactions between the apical ectodermal ridge (AER)
tive wing and leg regions can form limbs only when grafted and underlying mesoderm required for outgrowth of the
in association with various combinations of medial tissues, developing limb bud after its formation (Dealy and Ko-
i.e., intermediate mesoderm, somitic mesoderm, and sher, 1995, 1996). In particular, IGF-I and insulin may
Hensen's node (Kieny, 1969; Pinot, 1970; Stephens et al., promote the outgrowth of the mesoderm of the devel-
1989, 1993). Limb formation in ovo is impaired by the inser- oping limb bud in response to the AER and also regulate
tion of impermeable barriers between progressively more and/or maintain AER activity (Dealy and Kosher, 1995).
medial tissues and the lateral mesoderm at various stages IGF-I is expressed by the mesonephros of the intermediate
mesoderm as it is in¯uencing the prospective limb-form-of development (Stephens et al., 1991). These studies indi-
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melting-temperature Nu-Sieve GTG agarose. In control experi-ing regions of the lateral plate (Streck et al., 1992; Gedus-
ments, we found this shh probe hybridizes to transcripts in thepan et al., 1992) and is also expressed by the somitic meso-
mesodermal cells at posterior margin of stage 18±25 limb buds thatderm of early chick embryos (Geduspan et al., 1992). Insu-
roughly correspond to the zone of polarizing activity as previouslylin is also present in chick and mouse embryos as early
described (Riddle et al., 1993).as the primitive streak stage (De Pablo et al., 1982;
Day 2 IGF-I- and insulin-treated explants were grafted into the
Spaventi et al., 1990; Deltour et al., 1993), although its coelom or to the somites of stage 17 and stage 22 embryos, respec-
spatial distribution and site of synthesis has not been de- tively. Explants were inserted into the coelom of the stage 17 em-
termined. Furthermore, IGF-I is expressed by the prospec- bryos through slits made with ®ne tungsten needles between the
tive limb-forming regions of the lateral plate after they somites and ¯ank as described (Rugh, 1948). For somite grafts, slits
were made in the somites between the fore and hind limb buds ofhave acquired the ability for autonomous self differentia-
stage 22 embryos, and the proximal ends of the explants were in-tion, but is not expressed by the non-limb-forming meso-
serted into the slits and tacked in place with ®ne platinum needles.derm of the ¯ank, although IGF-I receptors are present in
Host embryos were reincubated for 9 days. To examine the forma-this region (Streck et al., 1992; Geduspan et al., 1992).
tion of cartilaginous skeletal elements by the grafts, the host em-These observations prompted us to consider the possibil-
bryos were ®xed in 10% Formalin, stained with methylene blue inity that IGF-I and/or insulin produced by medial tissues
70% ethanol, destained in 70% ethanol/0.5% HCl, and cleared in
might be involved in conferring limb-forming ability to the methyl salicylate. The ventral body wall of the host embryos that
lateral plate. Here we report that IGF-I and insulin, but received coelom grafts was incised and re¯ected before ®xation and
not FGF-2 or FGF-4, induce the formation of limb bud-like staining.
structures in vitro from prospective limb regions before they
have acquired the ability to form limbs independent of me-
dial tissues, and also induce the formation of limb bud-like
RESULTSstructures from the prospective ¯ank. Our results suggest
that IGF-I and insulin may be involved in conferring limb-
forming ability to the lateral plate and in the initial out- In our initial experiments we examined the effects of ex-
ogenous IGF-I and insulin on the in vitro morphogenesis ofgrowth of the limb bud and induction of the AER. However,
other signals are necessary to promote the expression of explants of the prospective wing- and leg-forming regions
of the lateral plate of stage 10 and 11 chick embryos (seegenes such as sonic hedgehog that regulate the patterning
of the developing limb. Fig. 1A), stages of development at which these regions have
not yet acquired autonomous limb-forming capability. We
also examined their effects on explants of the non-limb-
forming ¯ank regions of the lateral plate (Fig. 1A). The pro-MATERIALS AND METHODS
spective ¯ank regions of the lateral plate never acquire au-
tonomous limb-forming capacity, although the prospectiveThe prospective wing-, ¯ank-, and leg-forming regions of the lat-
¯ank can form limbs when grafted to ectopic sites in associ-eral plate were dissected from stages 10±13 (Hamburger and Hamil-
ation with medial tissues (Stephens et al., 1993). Controlton, 1951) chick embryos by reference to the fate maps of Chaube
explants of the prospective wing, ¯ank, and leg regions fail(1959) (see Fig. 1A). Tissues were cultured in the absence and pres-
ence of 1008 M recombinant human IGF-I (Ciba-Geigy), 1006 or 1009 to undergo outgrowth or morphogenesis in organ culture
M recombinant human insulin (Sigma), or 300 ng/ml (about 2 1 and form small masses of tissue (Figs. 1B, 1F, and 1J) which
1008 M ) recombinant human FGF-2 or FGF-4 (Collaborative Re- exhibit little proliferation as assayed by the immunohisto-
search) and 100 ng/ml of heparan sulfate (Sigma) on nutrient agar chemical analysis of 5-bromodeoxyuridine incorporation
substrates (Kosher et al., 1979) containing serum-free BGJb/F12 (7/ into nuclei engaged in DNA synthesis (Figs. 2A, 2C, and
3) medium supplemented with 0.1% bovine serum albumin (Dealy 2E). However, explants of the prospective limb and ¯ank
and Kosher, 1995). The morphogenesis of the living explants was
cultured in the presence of 1008 M IGF-I, 1006 M insulin, orevaluated daily with a dissecting microscope, and living explants
1009 M insulin, a concentration at which insulin shouldwere photographed.
exclusively occupy its own speci®c receptor, undergo dra-Cell proliferation was examined as described (Dealy and Kosher,
matic outgrowth and morphogenesis and form structures1995) by the immunohistochemical analysis of the incorporation of
5-bromodeoxyuridine (BrdU) into nuclei engaged in DNA synthesis that grossly resemble limb buds (Figs. 1C±1E, 1G±1I, and
during a 1-hr labeling period on Day 2 of culture. 1K±1M). The limb bud-like structures that develop in the
In situ hybridization was performed on serially sectioned ex- presence of IGF-I and insulin possess thickened caps of ecto-
plants as described (Coelho et al., 1991b, 1992a) using chicken Msx- derm extending along their distal tips that resemble AERs
2 (Coelho et al., 1991b), Msx-1 (Coelho et al., 1992a), and sonic (Figs. 1C±1E, 1G±1I, and 1K±1M). Like in normal limb
hedgehog (shh) (Riddle et al., 1993) cDNA probes labeled with [32P]- buds, a population of highly proliferating cells are localized
dCTP by the random oligonucleotide primer procedure. Msx-1- and
in the mesoderm directly subjacent to the thickened AER-Msx-2-speci®c cDNA probes were prepared as previously described
like structures (Figs. 2B, 2D, and 2F).(Coelho et al., 1991b, 1992a). The shh hybridization probe was
The thickened AER-like structures induced in prospec-prepared by digesting chicken shh cDNA in Bluescript (SK/) (plas-
tive wing, ¯ank, and leg explants by IGF-I and insulin ex-mid pHH-2) (Riddle et al., 1993; provided by Dr. Cliff Tabin) with
NotI and isolating the 1.6-kb fragment by electrophoresis in low- press high levels of the homeobox-containing gene Msx-
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FIG. 1. (A) Diagram illustrating the locations of the prospective wing (black)-, ¯ank (stippled)-, and leg-forming (cross hatched) regions
of a stage 11 chick embryo (Chaube et al., 1959). (B±M) Effect of IGF-I and insulin on the in vitro morphogenesis of stage 11 prospective
wing (B±E), ¯ank (F±I), and leg (J±M) regions. Day 2 control (B, F, J), 1008 M IGF-I (C, G, K)-, 1006 M insulin (D, H, L)-, and 1009 M insulin-
treated (E, I, M) prospective wing (B±E), ¯ank (F±I), and leg (J±M) explants. Control explants (B, F, J) form small masses, whereas IGF-I
(C, G, K)- and insulin-treated (D, H, L, E, I, M) explants form limb bud-like structures possessing thickened caps of ectoderm along their
distal tips (arrows). 186.
2 (Fig. 3), a gene which is characteristically expressed by Msx-1 and Msx-2 are not expressed by control explants of
stage 10 and 11 prospective limb- or ¯ank-forming regionsthickened functional AERs in ovo and which has been im-
plicated in regulating AER activity (Coelho et al., 1991a,b; (Fig. 3). Thus, the limb bud-like structures induced by IGF-
I and insulin possess at least some of the molecular charac-1992b; Robert et al., 1991). Furthermore, the highly prolifer-
ating cells underneath these AER-like structures express teristics of normal outgrowing limb buds. However, the out-
growing limb bud-like structures induced by IGF-I and insu-high levels of the homeobox-containing gene Msx-1 (Fig. 3),
a gene which is characteristically expressed by the subridge lin do not express detectable amounts of shh (Fig. 4), which
encodes a secreted signaling molecule that has been impli-mesoderm of the developing chick limb bud in ovo (Coelho
et al., 1992a) and whose expression is dependent on a func- cated in regulating the anteroposterior patterning of the de-
veloping limb bud (Riddle et al., 1993).tional AER (Coelho et al., 1991a, 1993; Ros et al., 1992).
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The prospective wing and leg regions of stage 10±12 chick
embryos fail to form limbs when grafted to ectopic sites
such as the coelom in the absence of medial tissues (Ste-
phens et al., 1989, 1993). Therefore, to examine the morpho-
genetic potential of the limb bud-like structures that form
in vitro in response to IGF-I and insulin, Day 2 growth
factor-treated explants were grafted into the coelom or to
the somites of stage 17 and stage 22 embryos, respectively,
and the host embryos were reincubated for an additional 9
days. Figure 5A shows a coelom graft of an IGF-I-treated
stage 12 prospective leg explant. The distal portion of the
graft is surrounded by scales and contains a remarkably nor-
mal-appearing jointed leg digit consisting of a distal claw,
two additional phalanges, and a rudimentary metatarsal,
and the proximal portion of the graft is surrounded by feath-
ers and contains two distinct cartilaginous skeletal ele-
ments likely representing a rudimentary tibia and femur
(Fig. 5A). Figure 5B shows a somite graft of an insulin-
treated stage 10 prospective wing explant that has given
rise to an ectopic outgrowth surrounded by feathers that
contains a Y-shaped cartilaginous structure resembling a
proximal rudimentary humerus element and distal bifurcat-
ing rudimentary radius and ulna elements. A total of ®ve
successful grafts of IGF-I- and insulin-treated prospective
wing, ¯ank, and leg explants were obtained, and all of the
grafts gave rise to ectopic outgrowths containing limb-like
structures possessing jointed cartilaginous elements. In
contrast, none of seven grafts of control (nontreated) stage
10 or 11 prospective wing, ¯ank, or leg explants gave rise
to ectopic outgrowths containing skeletal elements. These
results indicate that IGF-I and insulin-treated explants have
acquired the ability to form at least rudimentary limbs con-
taining identi®able limb skeletal elements.
Since ectopic expression of FGF-4 via retroviral vectors
(Mima et al., 1995; Ohuchi et al., 1995) or FGF-soaked beads
(Cohn et al., 1995; Crossley et al., 1996) induces formation
of ectopic limbs from the ¯ank of stage 13 and older em-
bryos, we examined the effects of exogenous FGF-2 and
FGF-4 on the in vitro morphogenesis of the prospective
wing-, leg-, and ¯ank-forming regions of stage 10±13 em-
bryos. Although FGF-treated explants from stage 10 em-
bryos are somewhat larger than controls, they are consider-
ably smaller than IGF-I-treated explants and, in contrast to
IGF-I-treated explants, do not grossly resemble limb buds
or possess thickened apical ectoderms that resemble AERs
(Figs. 6A±6I). These results are consistent with the study
of Cohn et al. (1995) indicating that FGF-soaked beads are
unable to promote the formation of limbs from the lateral
plates of embryos younger than stage 13. However, FGF-4,
FIG. 2. Distribution of proliferating (BrdU-labeled) cells in Day 2
control (A, C, E, G) and IGF-I-treated (B, D, F, H) explants of prospec-
tive wing (A, B, G, H)-, ¯ank (C, D)-, and leg-forming (E, F) regions
of stage 11 (A±F) and stage 12 (G, H) embryos. Control (A, C, E, 6.2% ({1.2%, n  4) of the cells of control explants of prospective
G) explants contain relatively few proliferating cells, whereas the wing-, ¯ank-, and leg-forming regions, respectively, are proliferat-
mesoderm directly subjacent to the thickened apical ectoderms of ing compared to 21.2% ({2.2%, n  4), 20.1% ({1.1%, n  5), and
the IGF-I-treated (B, D, F, H) explants contains numerous proliferat- 19.7% ({3.5%, n  4) of cells in the subapical mesoderm of the
ing cells. Only 5.7% ({1.0%, n  5), 6.8% ({3.1%, n  4), and IGF-I-treated explants. 187.
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FIG. 3. In situ hybridization analysis of Msx-1 (A±L) and Msx-2 (M±X) expression by Day 2 control (A, C; E, G; I, K; M, O; Q, S; U, W), 1008
M IGF-I (B, D; J, L; N, P)-, 1006 M insulin (F, H; R, T)-, and 1009 M insulin-treated (V, X) explants of stage 11 prospective wing (A±D)-, ¯ank
(E±H; M±P; Q±T)-, and leg-forming (I±L; U±X) regions. (A, B; E, F; I, J; M, N; Q, R; U, V) Dark-®eld and (C, D; G, H; K, L; O, P; S, T; W, X)
corresponding bright-®eld sections. Control explants (A, C; E, G; I, K; M, O; Q, S; U, W) express little or no Msx-1 or Msx-2; the distal mesoderm
of the IGF-I (B, D; J, L)- and insulin-treated (F, H) explants expresses high levels of Msx-1; and the thickened apical ectoderms (arrows in N, P;
R, T; V, X) of the IGF-I (N, P)- and insulin-treated (R, T; V, X) explants express high levels of Msx-2. 172.
FGF-2, IGF-I, and insulin all stimulate the outgrowth and node and moving sequentially to the somitic mesoderm,
the intermediate mesoderm, and then to the prospectivemorphogenesis of explants of the prospective wing-, leg-,
and ¯ank-forming regions of stage 13 embryos (Figs. 6J±6R). limb-forming areas of the lateral plate (Kieny, 1969; Pinot,
1970; Stephens et al., 1989, 1991, 1993). IGF-I is expressed
by the mesonephros of the intermediate mesoderm as it
is in¯uencing the prospective limb-forming regions of theDISCUSSION
lateral plate (Streck et al., 1992; Geduspan et al., 1992) and
is also expressed by the somitic mesoderm of early chickThe acquisition of limb-forming ability by the prospec-
tive limb regions of the lateral plate results from a medial± embryos (Geduspan et al., 1992). Insulin is also present in
chick and mouse embryos as early as the primitive streaklateral signaling cascade originating in the area of Hensen's
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FIG. 4. Absence of sonic hedgehog expression in Day 2 control (A, C, E) and IGF-I-treated (B, D, F) explants of stage 10 prospective wing
(A, B)-, ¯ank (C, D)-, and leg-forming (E, F) regions. 180.
stage, although its spatial distribution has not yet been de- found that IGF-I and insulin induce the formation of limb
bud-like structures in vitro from prospective limb regionstermined (De Pablo et al., 1982; Spaventi et al., 1990; Del-
tour et al., 1993) (see below). In the present study, we have before they have acquired the ability to form limbs indepen-
dent of medial tissues, and also induce the formation of
limb bud-like structures from the prospective ¯ank, which
never exhibits autonomous limb-forming capacity. IGF-I-
and insulin-treated prospective limb explants give rise to
rudimentary limbs containing identi®able skeletal ele-
ments when grafted into the coelom or to somites of host
embryos. Thus, IGF-I and/or insulin may be endogenous
signals produced by medial tissues that are involved in en-
dowing limb-forming capacity to the prospective limb-
forming regions of the lateral plate.
Exogenous IGF-I and insulin maintain endogenous IGF-I
expression by limb mesoderm (Dealy and Kosher, 1995), and
IGF-I can autoregulate its own expression in other systems
(Bornfeldt et al., 1990). Thus, IGF-I or insulin produced by
medial tissues may confer limb-forming capacity to the pro-
spective limb regions, at least in part, by promoting IGF-
I expression in these regions. The IGF-I produced by the
prospective limb mesoderm may then promote its prolifera-
tion and result in the initial outgrowth of the limb bud.
IGF-I is indeed expressed by the prospective limb-formingFIG. 5. Methylene blue-stained coelom (A) and somite (B) grafts of
regions after they have acquired the ability for autonomousDay 2 IGF-I (A)- and insulin-treated (B) explants of stage 12 prospective
self differentiation, but is not expressed by the non-limb-leg (A) and stage 10 prospective wing (B) regions. The distal portion
forming mesoderm of the ¯ank, although IGF-I receptorsof the coelom graft of the IGF-I-treated stage 12 prospective leg explant
is surrounded by scales and contains a jointed leg digit consisting of are present in this region (Streck et al., 1992; Geduspan et
a distal claw, two additional phalanges, and a rudimentary metatarsal, al., 1992).
and the proximal portion is surrounded by feathers and contains two Our results are also consistent with the possibility that
distinct cartilaginous skeletal elements likely a rudimentary tibia and IGF-I and/or insulin may be involved in the initial induction
femur (A). The somite graft of the insulin-treated stage 10 prospective
of the AER during the formation of the limb bud. The limbwing explant contains a Y-shaped cartilaginous structure likely repre-
bud-like structures induced in prospective limb and ¯anksenting a proximal rudimentary humerus element and distal bifurcat-
explants by IGF-I and insulin possess thickened caps of ecto-ing rudimentary radius and ulna elements surrounded by feathers (B).
derm along their distal tips that resemble AERs, and theseThe platinum needle used to tack the graft to the somites of the host
embryo is visible (arrow in B). thickened apical ectoderms express the AER-characteristic
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FIG. 6. The effect of IGF-I, FGF-2, and FGF-4 on the morphogenesis of explants of the prospective wing (A±C; J±L), ¯ank (D±F; M±O),
and leg (G±I; P±R) regions of stage 10 (A±I) and stage 13 (J±R) chick embryos. IGF-I-treated stage 10 explants (B, E, H) form limb bud-
like structures capped by thickened apical ectoderms, whereas FGF-4 (C, F, I)- and FGF-2-treated (data not shown) stage 10 explants,
although somewhat larger than controls (A, D, G), do not resemble limb buds or possess thickened distal apical ectoderms. IGF-I (K, N,
Q), FGF-2 (L, O, R), and FGF-4 (data not shown) all stimulate the morphogenesis of stage 13 explants. 168.
homeobox-containing gene Msx-2 which has been impli- The limb bud-like structures induced in prospective limb
and ¯ank explants by IGF-I and insulin do not express de-cated in regulating AER activity (Coelho et al., 1991a,b,
1992b; Robert et al., 1991). We have previously found that tectable amounts of shh. shh encodes a secreted signaling
molecule whose expression coincides with the zone of po-exogenous IGF-I and insulin induce the formation of thick-
ened AER-like structures that express high amounts of Msx- larizing activity at the posterior margin of developing limb
buds (Riddle et al., 1993). shh, like the polarizing zone,2 from the normally thin distal anterior ectoderm of the
chick limb bud (Dealy and Kosher, 1995) and from the nor- can elicit the formation of mirror image-duplicated skeletal
elements in anterior limb mesoderm (Riddle et al., 1993;mally thin, nonfunctional apical ectoderms of limbless and
wingless mutant limb buds (Dealy and Kosher, 1996), again LoÂpez-MartõB nez et al., 1995), indicating its involvement in
regulating the anteroposterior patterning of the developingsuggesting that these growth factors may be able to induce
AER activity in competent ectoderm. The formation of the limb bud. Thus, our results suggest that although IGF-I and
insulin may be endogenous signals produced by medial tis-AER at the initiation of limb development is dependent
upon an inductive in¯uence of prospective limb mesoderm sues that promote the outgrowth of limb buds from the
lateral plate and possibly induce the AER, other signals are(Kieny et al., 1960; Dhouailly and Kieny, 1972; Saunders
and Reuss, 1974), and indeed, IGF-I is expressed in prospec- necessary to promote the expression of genes such as shh
that regulate the patterning of the mesoderm of the devel-tive limb mesoderm at the initiation of the outgrowth of
the limb bud (Streck et al., 1992; Geduspan et al., 1992, oping limb.
Mice possessing null mutations in both the IGF-I and1993), but is absent in ¯ank mesoderm (Streck et al., 1992),
which lacks the ability to induce an AER (Kieny et al., 1960; IGF-II genes possess small, but apparently well-formed,
limbs (Liu et al., 1993; Baker et al., 1993; Powell-BraxtonDhouailly and Kieny, 1972; Saunders and Reuss, 1974).
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Bassas, L., Lesniak, M. A., Serrano, J., Roth, J., and De Pablo, F.et al., 1993). Therefore, it is noteworthy that insulin even
(1988). Developmental regulation of insulin and type I insulin-at very low concentrations at which it should exclusively
like growth factor receptors and absence of type II receptors inoccupy its own speci®c receptor induces the formation of
chicken embryo tissues. Diabetes 37, 637±644.limb bud-like structures from prospective limb and ¯ank
Bornfeldt, E., Arnqvist, H. J., and Norstedt, G. (1990). Regulationregions. Thus, in the absence of IGF expression, insulin may
of insulin-like growth factor I expression by growth factors in
be suf®cient to promote the formation and outgrowth of cultured vascular smooth muscle cells. J. Endocrinol. 125, 381±
limb buds. Insulin detectable by radioimmunoassay is in- 386.
deed present in Day 2 (stage 10±12) chick embryos, al- Chaube, S. (1959). On axiation and symmetry in transplanted wing
though its spatial distribution has not yet been determined of the chick. J. Exp. Zool. 140, 29±78.
(De Pablo et al., 1982), and speci®c insulin receptors are Coelho, C. N. D., Krabbenhoft, K., Upholt, W. B., Fallon, J. F., and
Kosher, R. A. (1991a). Altered expression of the chicken homeo-detectable in chick embryos as early as stage 4 (Girbau et
box-containing genes GHox-7 and GHox-8 in the limb buds ofal., 1989), as well as in the developing limb bud during its
limbless mutant chick embryos. Development 113, 1487±1493.outgrowth (Bassas et al., 1988). Insulin and insulin mRNA
Coelho, C. N. D., Sumoy, L., Kosher, R. A., and Upholt, W. B.are also present in mouse embryos before the formation of
(1992a). GHox-7: A chicken homeobox-containing gene ex-the limb bud (Deltour et al., 1993), and cells derived from
pressed in a fashion consistent with a role in patterning eventsembryos at these early stages of development secrete insulin
during embryonic chick limb development. Differentiation 49,
(Spaventi et al., 1990). Thus, insulin has the potential to 85±92.
exert paracrine or autocrine effects on the growth and differ- Coelho, C. N. D., Sumoy, L., Rodgers, B. J., Davidson, D. R., Hill,
entiation of embryonic tissues at very early stages of em- R. E., Upholt, W. B., and Kosher, R. A. (1991b). Expression of the
bryogenesis. chicken homeobox-containing gene GHox-8 during embryonic
chick limb development. Mech. Dev. 34, 143±154.Members of the FGF family have been implicated in the
Coelho, C. N. D., Upholt, W. B., and Kosher, R. A. (1992b). Roleinitial formation of the limb bud from the lateral plate,
of the chicken homeobox-containing genes GHox-4.6 and GHox-since ectopic expression of FGF-4 via retroviral vectors
8 in the speci®cation of positional identities during the develop-(Mima et al., 1995; Ohuchi et al., 1995) or FGF-soaked beads
ment of normal and polydactylous chick limb buds. Develop-(Cohn et al., 1995; Crossley et al., 1996) induces formation
ment 115, 629±637.of ectopic limbs from the ¯ank of stage 13 and older chick
Coelho, C. N. D., Upholt, W. B., and Kosher, R. A. (1993). Ectodermembryos. In the present study, we have found that, in con-
from various regions of the developing chick limb bud differen-
trast to IGF-I and insulin, FGF-2 and FGF-4 do not induce tially regulates the expression of the chicken homeobox-con-
the formation of limb bud-like structures from explants of taining genes GHox-7 and GHox-8 by limb mesenchymal cells.
the prospective limb- or ¯ank-forming regions of stage 10 Dev. Biol. 156, 303±306.
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